Abstract. Among Galactic VHE (very high energy, E > 100 GeV) γ-ray sources, pulsar wind nebulae (PWNe) form the most abundant class. At the same time, there are numerous sources of VHE γ-rays which are still unidentified. A firm identification of such objects requires a counterpart at other wavelengths. Middle-aged PWNe may account for many of these unidentified sources. While leptons that have been injected into a PWN a long time ago can still cause the observed VHE γ-ray flux, the present energy output of the pulsar is significantly reduced with respect to former times and powers only a faint synchrotron nebula which is difficult to detect with current X-ray observatories. We present a time-dependent model to study the spectral evolution of PWNe. With this model it is possible to roughly predict the X-ray emission of PWNe based on the VHE γ-ray observations only. These predictions allow to select those unidentified VHE γ-ray sources for which, assuming an evolved PWN scenario, a detection of an X-ray counterpart seems to be feasible.
INTRODUCTION
During the last decade, a new generation of Imaging Atmospheric Cherenkov Telescopes has discovered an increasing number of Galactic sources emitting VHE (very high energy, E > 100 GeV) γ-rays. Among these, pulsar wind nebulae (PWNe) form the most abundant class. Besides, unidentified sources are also very common in the VHE regime along the Galactic plane. A firm identification of these VHE γ-ray sources requires at least one unambiguous counterpart at other wavelengths. Middle-aged PWNe may power bright VHE nebulae without detectable emission in other wavebands. Therefore, these systems offer potential explanations for some unidentified sources. Current models of PWNe assume a relativistic, leptonic particle wind powered by a fast-rotating, energetic pulsar. The energetic plasma produces synchrotron and inverse Compton radiation, detectable across the whole electromagnetic spectrum. Since the energy output of a pulsar decreases with age, the supply of freshly injected, highly energetic leptons is reduced. Thus, the radiation from PWNe produced by older pulsars is dominated by accumulated, less energetic leptons which have undergone minor cooling compared to high energetic leptons. In particular, synchrotron emission in the X-ray regime is strongly affected by the reduced energy output of the pulsar since X-ray emission requires very energetic leptons as well as strong magnetic fields. In the next section, we present a time-dependent model, which allows to investigate the spectral evolution of PWNe. Afterwards, the model is applied to already well-studied PWNe in order to probe its predictions regarding the X-ray emission. Hence, we can select suitable candidates of unidentified sources, where deep X-ray observations might reveal a multi-wavelength counterpart of the VHE γ-ray emission.
THE MODEL
In this section, we present the key ingredients of a time-dependent model for the spectral evolution of PWNe. For more details, the reader is referred to the forthcoming publication [1] . The injection of leptons into the pulsar wind is strongly dependent on the pulsar's energy output, more precisely on its rotational energy loss. The energy output of a pulsar evolves with time asĖ
where n is the braking index and τ 0 the initial spin-down timescale of the pulsar [2] , [3] . We assume a conversion efficiency from energy output to relativistic leptons of 30%. The injected lepton distribution follows a power law in energy with index 2 between 100 GeV and 1000 TeV. Cooling effects and the time evolution of the magnetic field are adopted from the leptonic model presented by the authors of [4] . In addition, adiabatic energy losses are taken into account [5] . The radiation fields, required for inverse Compton radiation, are taken from the GALPROP code [6] for each source individually, while Red-filled circles represent VHE γ-ray data, while red-filled bands show the X-ray data. We also included γ-ray data (orange) from the Fermi-LAT. For better visualization we show higher-level error bands for the X-ray data and for the modeled SEDs. The data shown left are adopted from [9] , [10] and [11] while data in the right panel are taken from [12] , [13] and [14] .
the radiation processes are calculated following [7] . The pulsar continuously injects electrons and positrons into the pulsar wind. Already injected particles suffer energy losses according to their energy, the current size of the PWN and its magnetic field strength. In case of a middle-aged PWN, the above-mentioned cooling effects lead to a steepening of the particle spectrum with many accumulated less energetic leptons inside the nebula. These leptons are able to power a bright inverse Compton nebula with a nondetectable X-ray counterpart. This phenomenon could explain a significant fraction of unidentified VHE γ-ray sources and has already been proposed [8] . To visualize this effect, we simulated the long-term evolution of a generic PWN system over a time span of 200 kyr (Fig. 1, left-hand panel) . In addition we show the composition of a sample spectral energy distribution (SED) from a middle-aged PWN (Fig. 1, right-hand  panel) . The modeling shows that mainly the youngest, freshly-injected leptons account for the X-ray emission. At the same time, the injection history, meaning the accumulated leptons inside the PWN are observed in γ-rays.
MODEL APPLICATION
The model has two free parameters, namely the birth period of the pulsar and initial magnetic field inside the PWN. These parameters are determined with a χ 2 fit to the VHE γ-ray data using the MINUIT minimization package [15] . In Fig. 2 , the results of the fits are shown for two individual PWNe. The HE γ-ray and VHE γ-ray data can be well described by the model, while the X-ray emission is strongly overestimated. However, this is expected since the spectrum extraction region in X-rays is significantly smaller than in the VHE regime. In order to reproduce the X-ray emission, this mismatch has to be taken into account. We assume a constant lepton outflow velocity of c /3 in the innermost part of the PWN. Calculating the maximum age of particles located within a certain region and taking into account their specific cooling allows us to simulate the lepton distribution in the region used in the given X-ray analysis. For the calculation of the corresponding synchroton SED we also consider projection effects from leptons in the outer PWN, located along the line of sight and contributing to the emission from the inner region. The resulting modified SEDs with their corresponding uncertainties, (also shown in Fig. 2 ), are clearly in better agreement with the observational data.
CONCLUSIONS
Our study indicates that, with the adaption of the spatial extent of the lepton population responsible for the observed X-ray emission, the presented time-dependent model allows to roughly predict the non-thermal X-ray emission of PWNe of different evolutionary states. Hence, transferring the model to yet unidentified VHE γ-ray sources which are considered candidates for middle-aged, evolved PWNe, the predictions of their approximate X-ray flux can help to evaluate whether deep X-ray observations with current satellites may be beneficial for a firm identification of the nature of such sources.
